The Arabidopsis CURLY LEAF (CLF) gene is required to repress transcription of the class C gene AGAMOUS (AG) in whorls 1 and 2 of flowers and also in vegetative organs. CLF encodes a protein with homology to the product of the Drosophila Polycomb-group gene Enhancer of zeste [E(z)], which is involved in embyogenesis. In this study, we isolated three petunia CLF-like genes (PhCLF1, PhCLF2 and PhCLF3) based on the sequence homology between CLF and E(Z). Sequence analysis suggests that PhCLF1 and PhCLF2 are orthologs of CLF, whereas PhCLF3 is an ortholog of the Arabidopsis gene EZA1. We identified several conserved domains among products of PhCLF genes and related genes. PhCLF1 and PhCLF2 were expressed in all floral organs and leaves. The PhCLF1 transcripts were accumulated especially in corolla limbs, and contained several alternatively spliced RNA species. PhCLF1 and PhCLF2 do not appear to be the BLIND gene, which is required to repress transcription of the petunia class C gene, but their expression was affected by the homeotic conversion of organs in the blind flower. Our findings show that expression of PhCLF1 is regulated differently from that of PhCLF2, and suggest that the two petunia CLF orthologs function differently from each other.
Introduction
Typical flowers from dicots consist of four types of organs (sepals, petals, stamens, and carpels), each of which forms one of four concentric whorls. The identity of these floral organs is thought to be specified by the action of three classes of floral homeotic genes, A, B, and C , Coen and Meyerowitz 1991 . The action of the class A gene in whorl 1, or of the class C gene in whorl 4, specifies sepals and carpels, respectively. The combined actions of class A and class B genes in whorl 2, and of class B and class C genes in whorl 3, lead to the specification of petals and stamens, respectively. Two class A genes [APETALA1 (AP1) and APETALA2 (AP2)] were isolated from Arabidopsis thaliana (Mandel et al. 1992 , Jofuku et al. 1994 . AP2 not only specifies sepals and petals, but also represses the expression of the class C gene AGAMOUS (AG) in whorls 1 and 2 . This shows that AP2 is a cadastral gene that sets the boundary for the class C gene, as well as a class A organidentity gene. AP1, however, does not have such a repressor activity. As with AP2, five other Arabidopsis genes [CURLY LEAF (CLF), LEUNIG (LUG), STERILE APETALA (SAP), ANTEGUMENTA (ANT), and SEUSS (SEU)] were identified as repressor genes for AG in whorls 1 and 2 (Goodrich et al. 1997 , Liu and Meyerowitz 1995 , Byzova et al. 1999 , Krizek et al. 2000 , Franks et al. 2002 . Mutants of these genes, except for ANT, were shown to cause partial transformation of first-whorl sepals into carpels, and of second-whorl petals into stamens. Since these genes do not specify sepals and petals, unlike AP2, they are categorized as cadastral genes, but not as class A genes. Petunia PhAP2A, an AP2 ortholog, was isolated (Maes et al. 1998 ). Interestingly, this gene was not required to repress the transcription of the class C gene in whorls 1 and 2 (Maes et al. 2001) . This indicates the possibility that cadastral genes are different among species. However, orthologs of other Arabidopsis cadastral genes that repress the class C gene have not been isolated from petunia.
CLF, one of the Arabidopsis cadastral genes, is expressed in various tissues, including all floral organs and leaves (Goodrich et al. 1997) . The clf-2 mutant that ectopically expresses AG exhibits the following phenotype: flowers show partial homeotic transformations of sepals and petals to carpels and stamens, respectively; leaves are narrow and curled upwards along the longitudinal axis; stem internodes are short; and the flowering is early under short-day conditions (Goodrich et al. 1997 ). Since CLF is required to repress AG in petals late in development, CLF is thought to be involved in the maintenance of the AG expression pattern during later development, rather than its initial specification. Other cadastral genes that repress AG do not, however, act in vegetative organs such as leaves, and are not required to maintain the repression, unlike CLF , Liu and Meyerowitz 1995 , Byzova et al. 1999 , Krizek et al. 2000 , Franks et al. 2002 .
The CLF gene encodes a protein with extensive homology to the product of the Drosophila gene Enhancer of zeste [E(z)] (Goodrich et al. 1997 ). E(z) is a member of the Polycomb-group gene family, which is involved in the embryo-genesis, and is required for the maintenance of transcriptional repression of homeotic genes (Jones and Gelbart 1990) , like CLF. E(Z) and E(Z)-like proteins from mammals and C. elegans have five conserved domains; domain I, domain II, a basic domain with a potential nuclear localization signal (NLS), the cysteine-rich CXC domain, and the SET domain. The CLF protein has sequence homology to E(Z) in domain II, the CXC and SET domains (Goodrich et al. 1997) . CLF also contains a basic domain with an NLS-like sequence at the position corresponding to a potential NLS in E(Z) (Goodrich et al. 1997) . Arabidopsis has two other genes which encode proteins with homology to E(Z), EZA1 (AF100163) with unknown functions and a maternal effect gene, MEDEA (MEA; Grossniklaus et al. 1998) .
Floral homeotic genes of petunia, such as those of Arabidopsis and Antirrhinum, have been extensively studied. A petunia homeotic mutant blind (bl) shows partial transformations of sepals and petals to carpels and stamens, respectively, and inflorescence leaves are curled upwards along the longitudinal axis as a consequence of ectopic expression of the class C gene pMADS3 (Vallade et al. 1987 . This shows that BL is a cadastral gene required to repress the transcription of the class C gene in flowers and leaves, as with Arabidopsis CLF. It is not clear, however, whether BL is the class A gene that specifies sepals and petals, like AP2, because this gene has not been isolated.
In this paper, we report isolation and characterization of petunia CLF-like genes. We found that petunia, unlike Arabidopsis, had at least two CLF orthologs (PhCLF1 and PhCLF2). We compared sequences of PHCLF proteins with related proteins and identified two new domains conserved among them. We also found that the expression of PhCLF1 was regulated differently to that of PhCLF2. They did not appear to be the BL gene, but their expression was affected by homeotic transformations in the bl mutant flower. The PhCLF1 transcripts contained alternatively spliced RNA species encoding proteins truncated in the C-terminal region. These findings suggest that two petunia CLF orthologs have different functions.
Results

Isolation of petunia CLF-like genes
We aligned amino acid sequences with the CXC and SET domains of Arabidopsis CLF and its related proteins [two Arabidopsis proteins (EZA1 and MEA), Drosophila E(Z), and human E(Z)-like proteins], and identified the most conserved amino-acid sequences in each domain (Fig. 1) . To isolate petunia CLF-like genes, we performed RT-PCR using degenerate primers (primer A and primer B; see Materials and Methods), which hybridize to DNA sequences encoding the conserved amino-acid sequences, and using total RNA extracted from the wild-type petunia inflorescence as the template. Cloning and sequencing of the RT-PCR products revealed that there were three kinds of DNA fragments with sequences differing from one another. DNA sequences of the three fragments showed significant homology to that of CLF. We therefore named these PhCLF1 (Petunia hybrida CURLY LEAF 1), PhCLF2 and PhCLF3 genes.
We performed 5¢ RACE, 3¢ RACE, and RT-PCR using primers designed on the basis of DNA sequences of the fragments, and determined cDNA sequences, which appear to represent the full-length mRNA of each of the three genes. PhCLF1, PhCLF2 and PhCLF3 cDNA sequences were 2,851, 3,182 and 2,716 bp in length, respectively, and encode putative proteins of 922, 916 and 814 amino acids long, respectively. DNA sequences of PhCLF1 and PhCLF2 showed high homology to each other (82%), but showed low homology to that of PhCLF3 (55 and 54%, respectively). PhCLF1 was found to generate mRNA of various lengths, probably by alternative splicing, as described below.
We then determined genomic sequences of PhCLF1 and PhCLF2, and identified both exons and introns, whose positions and sequences were conserved between the two genes ( Fig. 2A) . Some introns differed in size. Of these, the forth Fig. 1 Alignment of amino-acid sequences of CLF and related proteins. Amino-acid sequences in the region containing the CXC and SET domains of Arabidopsis CLF (CAA71599), Arabidopsis MEDEA (AAC39446), Arabidopsis EZA1 (T52415), Drosophila E(Z) (P42124), human EZH1 (Q92800), and human EZH2 (Q15910) were aligned. The CXC and SET domains were boxed. Horizontal bars show the positions of conserved amino-acid sequences used to design primer A (A) and primer B (B). Asterisks under the alignment indicate positions of amino acids conserved in all the proteins, and colons indicate those of the other conserved amino acids.
intron of PhCLF1 contained a sequence of 770 bp length, with no homology to PhCLF2. This sequence was flanked by direct repeats of a 12-bp sequence. This suggests that the 770-bp sequence is an element transposed to the 12-bp sequence as the target. A homology search using the 770-bp sequence as a query revealed that a segment of 116 bp length in the 770-bp sequence showed a significant homology to several sequences, such as an intron sequence of the petunia CHSB gene, the 3¢ UTR sequence of the potato HxkRP1 gene, and several cDNA sequences from potato and tomato. Because the 116-bp segment was flanked by short homologous sequences of 21 bp and 19 bp in length, it might also be a transposable element. These factors suggest that the 770-bp sequence has a nested structure with a transposable element inserted into another transposable element.
We compared genomic sequences of PhCLF1 and PhCLF2 with that of CLF (AC003040) and found that intron positions were conserved but intron sequences were not (data not shown). This shows that PhCLF1 and PhCLF2 are more closely related to each other than to CLF.
Relationships among proteins related to PHCLF
We constructed a phylogenetic tree based on the alignment of the amino-acid sequences including the CXC and SET domains in PHCLF proteins (PHCLF1, PHCLF2, PHCLF3) as well as the related proteins from plants and animals ( Fig. 3 ). PHCLF1 and PHCLF2 formed a group with CLF, whereas PHCLF3 formed a different group with EZA1. Arabidopsis MEA, however, did not form a group with any of the PHCLF proteins. These findings suggest that PhCLF1 and PhCLF2 are orthologs of CLF, and that PhCLF3 is an ortholog of EZA1. E(Z) and E(Z)-like proteins from animals formed a distinct group from those of the proteins from plants, which agrees well with the results of phylogenetic analysis using the alignment of SET domain sequences (Baumbusch et al. 2001) . (Aasland et al. 1996) are shown below. -, conserved acid residues; #, conserved hydrophobicity; +, conserved basic residues. 
Structural features in PHCLF proteins and related proteins
Alignment of the entire amino-acid sequences of PHCLF proteins and related proteins from plants revealed that several domains other than the CXC and SET domains were conserved (Fig. 4A) . A domain in the most N-terminal region showed extensive homology among CLF, EZA1 and PHCLF proteins, and we therefore called this domain CEP (CLF, EZA1, and PHCLF) (Fig. 4A) . The CEP sequence showed no homology to E(Z)-like proteins from animals. This suggests that the CEP domain is uniquely present in the proteins from plants.
Following the CEP domain, we found a domain rich in acidic amino acids, which corresponds to the acidic region reported in MEA (Grossniklaus et al. 1998) . The sequence of a domain following the acidic region showed homology to part of the domain II sequence conserved in E(Z)-like proteins from animals (Laible et al. 1997) . Alignment of these sequences revealed that three cycteines and one histidine were conserved in positions among them. This leads us to assume that this domain forms a zinc-finger, although the sequence does not match any known zinc-finger motifs (Takatsuji 1998) . This domain appears to correspond to a portion of the sequence conserved between CLF and E(Z) reported by Goodrich et al. (1997) , and may correspond to the EDII domain described by Baumbusch et al. (2001) .
A computer-aided homology search revealed that a domain following the zinc-finger-like sequence appears to match the SANT domain found in yeast SWI3, yeast ADA2, mouse N-CoR, and yeast TFIIIB ( Fig. 4A ; Aasland et al. 1996) , suggesting that this is the SANT domain. This is confirmed by the alignment of sequences of this domain and the SANT domain consensus sequence (Fig. 4C) and by analysis of their secondary structures with three a helices (as in SANT) at almost the same positions (Fig. 4C) .
Following the SANT domain, there was a domain rich in basic amino acids, which corresponds to the NLS region in CLF and MEA (Goodrich et al. 1997 , Grossniklaus et al. 1998 . Computer analyses revealed that the basic domains in PHCLF1, PHCLF2, CLF and MEA were predicted to be NLS, but those in PHCLF3 and EZA1 were not.
Expression analysis of PhCLF1 and PhCLF2 in wild-type plants
Northern blot hybridization was performed to examine transcripts of two CLF orthologs, PhCLF1 and PhCLF2, in floral organs and leaves of wild-type plants. The PhCLF1 transcripts, about 3.0 kb in length, were detected in all the floral organs and leaves, although hybridization signals were very weak (Fig. 5A) . The PhCLF2 transcripts, however, were not detected (Fig. 5A ). This suggests that the amounts of PhCLF2 transcripts are too low to be detected by Northern blot hybridization.
To detect the PhCLF2 transcripts and to confirm the above suggestion, we performed RT-PCR by primers to amplify the full-length of each mRNA using total RNA samples extracted from floral organs or leaves of wild-type plants as templates. Southern blot hybridization of products revealed that PhCLF2 as well as PhCLF1 were expressed in all the floral organs and leaves (Fig. 5B) . Signals of PhCLF2 were weaker than those of PhCLF1, confirming that the PhCLF2 transcripts are lower in amount than the PhCLF1 transcripts. The PhCLF1 transcripts were accumulated especially in corolla limbs, but the PhCLF2 transcripts were not (Fig. 5B) . The amount of PhCLF2 transcripts was lower especially in sepals, but the PhCLF1 transcripts were not. These findings suggest that the amounts of the PhCLF1 and PhCLF2 transcripts is regulated differently in floral organs and leaves.
Expression analysis of PhCLF1 and PhCLF2 in bl mutant plants
Expression of PhCLF1 and PhCLF2 was also examined in floral organs and leaves of bl mutant plants by RT-PCR, as Northern hybridization analysis of total RNAs isolated from wild-type plants using PhCLF1-specific (upper left) and PhCLF2-specific (upper right) probes, and agarose gels stained with ethidium bromide before blotting (lower panels). An arrowhead indicates the position of the PhCLF1 transcripts. (B) RT-PCR products from total RNAs isolated from wild-type plants. Products amplified using PhCLF1-specific primers (upper panels) or PhCLF2-specific primers (middle panels) were detected by Southern blot hybridization with gene-specific probes. An agarose gel with template RNAs (200 ng each) stained with ethidium bromide is also shown (lower panels). (C) RT-PCR products from total RNAs isolated from bl mutant plants. Le, leaf; Inf, inflorescence; Ca, carpel; St, stamen; Tu, corolla tube; Li, corolla limb; Se, sepal; An, antheroid structure. described above. Both genes were found to be transcribed in all floral organs and leaves of bl mutant plants, as they were in wild-type plants (Fig. 5C ). PhCLF1 transcripts were not highly accumulated in antheroid structures of the bl flower, which were homeotically converted from corolla limbs. Amounts of PhCLF2 transcripts were not especially low in sepals, which are partially transformed into carpels. These findings indicate that homeotic transformations of the bl mutant affects the amount of PhCLF1 and PhCLF2 transcripts.
Because the bl phenotype is similar to that of Arabidopsis clf-2, bl could be an allele of one of the CLF orthologs from petunia. To examine this possibility, we determined cDNA sequences of PhCLF1 and PhCLF2 from bl mutant plants, and compared them with those from wild-type plants. The PhCLF2 sequence from bl plants was identical to that from wild-type plants. This strongly suggests that bl is not an allele of PhCLF2. The PhCLF1 sequence from bl plants, however, had four base substitutions, of which three caused change of amino acids; serine at position 363 to asparagine, proline at position 483 to serine, and alanine at position 521 to aspartic acid (Fig. 4A) .
To determine whether bl is an allele of PhCLF1 or not, we crossed a wild-type plant and a bl mutant plant, and an F1 plant was backcrossed with a bl plant. Progeny plants showing the bl phenotype were chosen for extraction of total RNA. We performed RT-PCR with PhCLF1-specific primers using the total RNA samples as templates, and the products were cloned and sequenced. If bl is an allele of PhCLF1, plants showing the bl phenotype are expected to have only the PhCLF1 gene with the base substitutions found in the bl mutant, because bl is a recessive allele. However, we found that the RT-PCR products contain the PhCLF1 sequence without the base substitutions (data not shown). This shows that bl is also not an allele of PhCLF1.
Alternative splicing of the PhCLF1 transcripts
During the expression analysis of PhCLF1 and PhCLF2, we noticed that the RT-PCR products from PhCLF1 contained DNA species with all or partial sequences of introns 4, 5, or 7. This suggests that the PhCLF1 transcripts are produced by alternative splicing of a primary message. Further RT-PCR analysis using primers, which amplify the region between exon 4 and exon 8 in PhCLF1, revealed that more than five DNA species of different sizes were amplified (Fig. 6 ). This confirms that alternative splicing of the PhCLF1 transcripts occurs to generate several RNA species. The alternative splicing appeared to be not organ-specific, because the RT-PCR products were essentially the same among floral organs and leaves. Only one cDNA species was, however, amplified by using PhCLF2-specific primers, which amplify the region between exon 4 and exon 8 (Fig. 6 ). This suggests that the PhCLF2 transcripts are not alternatively spliced, at least in the region between exon 4 and exon 8. We also performed the same experiment as above using total RNA samples extracted from organs of bl mutant plants, and obtained the similar results (Fig. 6 ). This indicates that the bl mutation does not affect the alternative splicing of PhCLF1. Cloning and sequencing of the RT-PCR products from PhCLF1 revealed that twelve clones examined could be classi- Fig. 6 RT-PCR-amplified products from the region between exon 4 and exon 8. Products using PhCLF1-specific primers (upper panels) or PhCLF2-specific primers (lower panels) were separated in 1.2% agarose gels, and were stained with ethidium bromide. Positions of products from the PhCLF1 transcripts and those from fied into six types (Fig. 7A ). Of these, only one had the sequence of transcripts without any introns, suggesting that it is generated by normal splicing. The others had sequences of transcripts, in which one or more introns were not spliced, or were spliced using cryptic donor or acceptor sites (Fig. 7A) . Putative proteins encoded by the alternatively spliced transcripts were apparently truncated in the C-terminal region with the SANT, CXC, or SET domains of the PHCLF1 protein (Fig.  7B) . On the other hand, most of the PhCLF1 transcripts were normally spliced in the region between exon 1 and exon 4 (data not shown) which indicates that the N-terminal region with the CEP domain was not truncated.
Discussion
Conserved domains among PHCLF proteins and related proteins
We have shown in this study that petunia has at least three genes (PhCLF1, PhCLF2, and PhCLF3) with sequence homology to Arabidopsis CLF. Amino-acid sequences of the proteins deduced from the nucleotide sequences were well conserved in seven domains (CEP, acidic, EDII, SANT, basic, CXC, and SET domains) in the three PHCLF proteins, as well as in the Arabidopsis proteins (CLF, EZA1, and MEA) related to the three.
The N-terminal region including the CEP domain of MEA has been shown to interact with the FIE (FERTILIZATION-INDEPENDENT-ENDOSPERM) protein containing the WD motif (Yadegari et al. 2000) . This suggests that the N-terminal regions of PHCLF proteins could also interact with FIE-like or other proteins with the WD motif. Because CEP is the most conserved domain in the N-terminal region, this domain is assumed to be important for interaction with the WD motif. We found that three cysteine residues, as well as one histidine residue, were highly conserved in positions in the EDII domain. The presence of a highly conserved histidine in EDII has not been previously reported, while the presence of cysteines has been already reported (Laible et al. 1997 , Grossniklaus et al. 1998 ). The SANT domain, which resembles the MYB DNAbinding domain, has been found within proteins such as subunits of the histone deacethylase, the histone acethyltransferase, or the ATP-dependent chromatin remodeling enzyme, and is assumed to facilitate functional interaction between these enzymes and the histone tail (Boyer et al. 2002) . This suggests that the SANT domain of PHCLF proteins and related proteins may be involved in interaction between these proteins and the histone tail.
The CXC domain of the E(Z) protein is involved in binding to salivary gland polytene chromosomes (Carrington and Jones 1996) . The soybean CPP1 protein, which represses the expression of a leghemoglobin c3 gene, contains a region similar to the CXC domain, and the CXC-like region binds specifically to the c3 promoter (Cvitanich et al. 2000) . These data suggest that the CXC domain of PHCLF proteins and related proteins may be involved in binding to the target DNA. The SET domain is conserved in chromosomal proteins that activate or repress gene expression. A complex containing Drosophila E(Z) has recently been shown to have methyltransferase activity that preferentially methylate lysine 27 of histone H3, and the SET domain of E(Z) is required for it (Czermin et al. 2002 , Müller et al. 2002 . Methylation of the lysine 27 was indicated to play a critical role in gene silencing mediated by Polycomb-group proteins in Drosophila (Müller et al. 2002 , Cao et al. 2002 . These data strongly suggest that the SET domain of PHCLF proteins and related proteins is involved in change of the chromatin structure to repress the target genes by methylation of histone H3.
Regulation of expression and gene action of PhCLF1 and PhCLF2
Among the three petunia genes with homology to CLF, PhCLF1 and PhCLF2 are suggested to be orthologs of CLF. PhCLF1 and PhCLF2 have intron sequences with homology to each other but not to CLF, and a phylogenic tree based on alignment of full-length amino-acid sequences (see Fig. 4A ) shows that PHCLF1 and PHCLF2 are more closely related to each other than to CLF (data not shown). This suggests that PhCLF1 and PhCLF2 are generated by a gene duplication in an ancestor species of petunia after divergence of petunia and Arabidopsis. There are remarkable differences between PhCLF1 and PhCLF2 in the amounts of transcripts and organ-specific regulation. This suggests that after the gene duplication, PhCLF1 and PhCLF2 evolved to have different regulatory systems. We have shown here that alternative splicing occurs in PhCLF1, whereas it does not occur in PhCLF2 nor in CLF, indicating that it appears to be a unique feature of PhCLF1. We have also shown that the amount of PhCLF1 and PhCLF2 transcripts is affected by changes in organ identities in a homeotic mutant. It is interesting to see whether the CLF expression may also be affected by homeotic transformations using homeotic mutants.
The products from PhCLF1 and PhCLF2 have the same conserved domains to the CLF protein. It is therefore reasonable to assume that PhCLF1 and PhCLF2, like CLF, are involved in the maintenance of transcriptional repression of a class C gene or other unknown target genes. Neither PhCLF1 nor PhCLF2 has been suggested here to be the BL gene, and therefore their detailed gene actions are not clear. PhCLF1 and PhCLF2 are regulated differently for their expression, suggesting that their gene actions are also different from each other. To examine gene actions of PhCLF1 and PhCLF2, we transformed petunia by these genes which are fused with the CaMV 35S promoter by the leaf-disk method using Agrobacterium, to generate transgenic plants. The transgenic plants were not, however, regenerated from leaf disks (our unpublished result). This is probably because the overexpression of these genes is harmful for regeneration of the plant.
Alternative splicing of the PhCLF1 transcripts
In this study, we have described that the alternatively spliced PhCLF1 transcripts might produce truncated PHCLF1 proteins, which are deleted for the C-terminal region with SANT, CXC and SET domains. If the truncated proteins are produced and if the N-terminal region interacts with proteins with the WD motif as discussed above, these proteins inhibit actions of the full-length PHCLF1 protein post-transcriptionally by interacting possibly with WD-motif proteins to keep the PHCLF1 activity at a suitable level. Unlike PhCLF1, alternative splicing does not occur in PhCLF2. This is probably because of lower amounts of PhCLF2 transcripts than PhCLF1 in floral organs and leaves.
We found a 770-bp sequence in intron 4 of PhCLF1, but not in that of PhCLF2. This sequence is assumed to consist of two transposable elements nested by one to the other. The inserted sequence is possibly involved in the alternative splicing in PhCLF1, because the insertion of transposable elements into introns disrupts long-range splice site recognition (Varagona et al. 1992) . If this is the case, insertion of the transposable elements might have played an important role in differentiation of PhCLF1 and PhCLF2 after the gene duplication.
Materials and Methods
Plant materials
A wild-type Petunia hybrida line V26 (van der ) and a P. hybrida blind (bl) mutant line Sb1 were used. All plants were grown under standard greenhouse conditions.
DNA and RNA extraction
Genomic DNA was extracted from wild-type leaves by using a Nucleon PhytoPure Plant and Fungal DNA extraction kit (Amersham) according to the manufacturer's instructions. Total RNA was extracted by acidic phenol and RNaid Matrix (BIO101) as previously described . Whole organs were dissected from floral buds longer than 1 cm for RNA extraction.
Computer analysis
Nucleotide sequences were analyzed by the Genetix-Mac ver. 10.1 system and Harrplot ver. 2.0 (Software Development). The multiple amino acid alignment and phylogenetic analysis were performed by CLUSTAL W ver. 1.7 (Thompson et al. 1994) . Protein secondary structures were estimated using PredictProtein (http://www.EMBLHeidelberg.DE/predictprotein/). Interpro (http://www.ebi.ac.uk/interpro/ scan.html) was used for domain prediction. Prediction of NLS was done by using Predictprotein and PSORT (http://psort.ims.utokyo.ac.jp/).
Isolation of the PhCLF genes
RT-PCR was done to isolate cDNA fragments of PhCLF-like genes from wild-type petunia as follows. The total RNA 2.0 mg was reverse transcribed with a reaction mixture containing SUPER-SCRIPT II reverse transcriptase (Invitrogen) and primer B (5¢-ACYT-TNGCRTARCARTTNGG-3¢) at 42°C for 1 h. The cDNA was used for the template for PCR with Ex Taq DNA polymerase (Takara) under standard conditions using primer A (5¢-AGWNCGIGARTGYGAYC-CIGA-3¢) and primer B.
Both 5¢ RACE and 3¢ RACE were performed with a Marathon cDNA Amplification kit (Clonetech) to determine full-length cDNA sequences of the PhCLF genes. RT-PCR was also done by using a degenerate primer (5¢-TGGACARAAATCARMGRATG-3¢), which hybridizes to DNA sequences encoding the CEP domain, as well as a gene-specific primer, under the same conditions as described above. To determine genomic sequences of PhCLF1 and PhCLF2, petunia genomic DNA 100 ng was used as the template for PCR with LA Taq DNA polymerase (Takara). Gene-specific primers which hybridize to cDNA sequences of each gene were used for the PCR.
In RT-PCR to isolate cDNA clones from the bl mutant, the template RNA was reverse transcribed by using an oligo dT17 primer under the same conditions as described above. PCR was done with Ex Taq DNA polymerase using gene-specific primers.
PCR products were cloned into pGEMT-easy vector (Promega) and sequenced.
Nucleotide sequencing
DNA sequencing was done with a BigDye Terminator Cycle Sequencing FS Ready Reaction kit (Applied Biosystems). The sequencing products were analyzed by ABI 377-18 DNA Sequencer (Applied Biosystems).
Northern blot hybridization
Total RNA samples (20 mg each) were separated on 1.2% agarose gels containing 0.4 M formaldehyde. The gels were blotted on the nylon membrane, and hybridized to probes in 50% formamide, 5´ SSC, 2% blocking reagent, 7% SDS, 0.1% n-lauroyl-sarcosine, 50 mg ml -1 yeast tRNA, and 50 mM sodium phosphate buffer (pH 7.0) at 68°C overnight. The blot was washed in 0.1´ SSC, 0.1% SDS at 68°C, and CDP-Star (TROPIX) chemiluminescence was detected with Hyperfilm (Amersham). Digoxigenin-labeled RNA probes for PhCLF1 and PhCLF2 were prepared by using a DIG RNA labeling kit (Roche), by using cDNA fragments containing non-conserved regions of each gene as templates for in vitro transcription.
Expression analysis by RT-PCR
RT-PCR for expression analysis was performed as follows. The total RNA samples were reverse transcribed by using an oligo dT17 primer under the same conditions as described above. PCR was done under conditions using gene-specific primers designated to amplify almost the entire region of mRNA and 20 cycles of 96°C for 1 min, 55°C for 1 min and 72°C for 1 min. RT-PCR products were separated on a 1.2% agarose gel. After denaturation, the gel was blotted, hybridized, washed, and detected under the same conditions as Northern blot hybridization, except that hybridization temperature was 55°C.
RT-PCR for the analysis of alternative splicing was performed under the same conditions as those for expression analysis, except that the cycle number was 30, and the primers used were those designated to amplify the regions between exons 4 and 8. The RT-PCR products were separated on a 1.2% agarose gel, and stained by ethidium bromide.
